The Ras/mitogen-activated protein kinase (Ras/MAPK) pathway is a critical signaling pathway with an important role in cellular proliferation, differentiation, growth, senescence and death -all of which are critical to normal development (1, 2) . This pathway regulates signals transduced from the cell surface to the nucleus and codes for proteins that serve as molecular on/off switches which activate or inhibit downstream effectors.
Germline mutations of genes encoding components of this pathway have been described in Noonan (NS; OMIM 163950), cardio-facio-cutaneous (CFC; OMIM 115150), Legius (OMIM 611431), and Costello (CS; OMIM 218040) syndromes, capillary malformationarteriovenous malformation (OMIM 608354) and neurofibromatosis type 1 (NF1; OMIM 162200). These conditions are collectively referred to as RASopathies and, as a group, are characterized by cardiac defects, distinct craniofacial features, skin abnormalities, variable degrees of cognitive deficits, growth retardation, and a predisposition to benign and malignant neoplasia (1) . The majority of the mutations identified in the RASopathies are mutations which increase Ras/MAPK pathway signaling, many of which are missense mutations (1) . However, whole gene deletions and duplications have also been reported in patients with NF1 and Noonan syndrome, respectively (3) (4) (5) .
There is both locus and allelic heterogeneity within the syndromes that comprise the RASopathies, however, heterozygous missense mutations in MAP2K2 (hereafter referred to as MEK2 ), which codes for the protein kinase MEK2, have been associated only with CFC syndrome to date (6) . CFC is a multiple congenital anomaly disorder characterized by distinct facial features, ectodermal manifestations, cardiac defects, gastrointestinal abnormalities and mild to severe intellectual disability (7) (8) (9) . The craniofacial features resemble those observed in Noonan syndrome, however, in general, individuals with CFC syndrome tend to present with more severe medical complications and developmental disability (10) . To date all of the identified MEK2 mutations that cause CFC syndrome are heterozygous gain-of-function mutations that activate the downstream pathway (6, 11, 12) . There have been no reports of CFC associated with deletions or haploinsufficiency of MEK2 (13) (14) (15) . Two patients with microdeletions of 19p13.3 which include MEK2 have been reported; (16, 17) their phenotype is similar to that observed in the patients that are the subject of this report.
We report seven patients with submicroscopic deletions in 19p13.3 in whom the smallest region of overlap contains only one known gene, MEK2 . These seven patients have clinical features suggestive of an abnormality in the Ras/MAPK pathway yet are not diagnostic for classical CFC or any of the other previously described RASopathies. Through functional assays of the MAPK pathway, we show that the deletion and the resultant haploinsufficiency of MEK2 causes dysregulation of the Ras/MAPK pathway, and we propose that haploinsufficiency of MEK2 may be a mechanism for a novel RASopathy phenotype.
Methods

Patients
We obtained clinical data and results of laboratory testing on seven patients with microdeletions that included MEK2 . The microdeletion breakpoints have been converted to human genome build 19 using the University of California, Santa Cruz Genome Browser on-line tool. Clinical photographs of all seven patients in our cohort were reviewed by M. J. N. N., U. M. and K. A. R. (clinical geneticists). Informed consents to publish the photographs of all the patients were obtained from the patients' guardians as were the consents for publication of the clinical data and sample procurement.
Primary human fibroblasts and cell culture conditions
Primary human fibroblasts were derived from a skin biopsy obtained from patient 1. The control primary human fibroblast cell line is a commercially available line derived from a skin biopsy of a healthy 3-yearold male with a normal karyotype (Coriell Institute, Camden, NJ, GM00498). Primary cells were cultivated under standard conditions in either complete media [High Glucose Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (FBS; JRScientific, Woodland, CA, 43652), 0.1 mM MEM Non-Essential Amino Acid Solution (Gibco, Grand Island, NY, 11140-050), 110 mg/l sodium pyruvate, 292 mg/l l-glutamine, and penicillin-streptomycin] or serum starvation media (complete media with FBS decreased to 0.1%). Cells were cultured at 37
• C in 5% CO 2 . All experiments were performed in triplicate between cell passages 6 and 17. 
Ras/MAPK pathway stimulation experiments
Primary human fibroblasts were seeded in complete media at a density of 80,000 cells/35 mm dish. Cell culture dishes were incubated at 37
• C in 5% CO 2 . At subconfluency, cells were serum starved and incubated overnight (16 h). Cells remaining in standard 10% FBS served as a control. Post-serum starvation, cells were treated with or without serum starvation media supplemented with 2 ng/ml epidermal growth factor (EGF) (Sigma-Aldrich, St. Louis, MO, E9644). Cells were harvested at the indicated time points after EGF exposure.
Western blotting
Total cellular protein was prepared using 1X Cell Lysis Buffer (Cell Signaling, Beverly, MA, 9803) with 1 mM phenylmethylsulfonyl fluoride. Protein concentrations were determined using the DC Protein Assay Kit (Biorad, Hercules, CA). Samples were diluted with NuPAGE LDS sample buffer (Invitrogen, Grand Island, NY) with 5% beta-mercaptoethanol. Two micrograms of denatured protein were separated on 4-12% Bis Tris gels (Invitrogen, NP0329BOX) by gel electrophoresis using the XCell SureLock Mini-Cell (Invitrogen, EI0002). Proteins were transferred to membrane using the XCell II blot module (Invitrogen, EI0002). The following primary antibodies were used: P-MEK1/2 (Cell Signaling, 2338), P-ERK1/2 (Cell Signaling, 9101), total MEK1 (Cell Signaling, 2352), total MEK2 (Cell Signaling, 9147), total ERK (Cell Signaling, 9102), Sprouty 1 (Zymed, Grand Island, NY, 40-1800), anti-GAPDH (Ambion, Grand Island, NY, AM4300). Proteins were detected by chemiluminescence using the Visualizer Western Blot Detection Kit (Millipore, Billerica, MA, 64-202 or 64-201). Western blot exposures were quantified using ImageJ software (18) . Three separate experiments were quantified and used to calculate mean relative intensity and standard error. Statistical significance of the mean relative band intensities of the control compared to patient 1 was determined by performing a Student's t-test.
Results
Patient 1
This boy was referred at 14 months for assessment of macrocephaly, developmental delay and dysmorphic features ( Fig. 1a and Table 1 ). Karyotype was 46,XY at a 550 band level. At age 11 years, he was profoundly delayed with single words only, and had a history of G-tube feeding for failure to thrive, sleep apnea and right bundle branch block. BAC-based chromosome microarray analysis (Kleberg Cytogenetics Laboratory CMA V 5.0) detected a deletion of 19p13.3 (1 clone: RP11-454N6) which includes MEK2 . Whole genome oligonucleotide array CGH showed a 1.6 Mb deletion spanning chr19:3,308,930-4,894,921 (hg19; Fig. 2 ). Parental studies were normal.
Patient 2
This girl was referred at 4 years, 2 months of age. At that time she presented with severe developmental delay, movement disorders, G-tube feeding for failure to thrive, frequent obstructive sleep apnea, scalp defect, a history of capillary hemangioma requiring surgical treatment, and dysmorphic features ( This boy was first evaluated at 1 day of age because of dysmorphic features (Fig. 1c) and thromobocytopenia. He developed capillary hemangiomata and craniosynosotosis required surgical correction. He had ongoing problems with apnea (Table 1) . Karyotype was 46,XY at a 550 band level. Oligoarray comparative genomic hybridization showed a duplication and a deletion in chromosome 19p13.3. The duplication was from 41,898-3,894,256 bp; and the deletion from 3,957,909-4,349,805 bp (hg19; Fig. 2 ). Parental studies were normal.
Patient 4
This female patient was referred at 4 years 7 months with minimal developmental delay and dysmorphic features ( Fig. 1d ) and a history of failure to thrive (Table 1) . Karyotype was 46,XX at a 550 band level. Microarray analysis showed an ∼60 kb deletion at chr19:4,089,863-4,145,062 (hg19; v.6.4 array, 44,000 oligos; Fig. 2 ). This deletion encompasses at least exons 2-7 of MEK2 , however, the gene could be entirely deleted since the boundaries are not precise in this array version. Parental studies were normal.
Patient 5
This 6-year-old girl with significant developmental delay (Fig. 1e) This twin boy was born at 27 weeks of gestation, following the death of the co-twin with trisomy 13 at 23 weeks gestation. Dysmorphic features were noted at birth (Fig. 1f) . He had failure to thrive, apnea and gastroesophageal reflux (Table 1) . He died at age 3 months from respiratory failure. Karyotype performed after amniocentesis showed 46,XY at 550 band level. Microarray showed a 1.05 Mb deletion on chromosome 19p13.3 (3,533,803-4,585,171) (hg19; Fig. 2 ). Parental studies were normal.
Patient 7
This 4 year and 11-month-old boy (Fig. 1g) was first evaluated at 24 months of age for developmental delay, hypotonia and facial dysmorphism. At that visit, he was also noted to be macrocephalic. He had a history of gastroesophageal reflux (requiring medical, but not surgical treatment), constipation, eczema and tonsillar hypertrophy associated with obstructive sleep apnea. Microarray testing (Boston University Center for Human Genetics) utilizing an Affymetrix 6.0 SNP array with 900,000 SNPs and 940,000 copy number variant (CNV) probes showed an 803 kb deletion of the short arm of chromosome 19p13.3 (3,379,721-4,182,307) (hg19). The deletion was confirmed by FISH with the clone RP11-671I19. Parental FISH studies were normal. Summary of the clinical findings can be found in Table 1 . Complete clinical data for the patients are described in Tables S1 and S2 . 
Clinical data
Three patients were female and four were male; the ages ranged from 3 months to 10 years at the time of last assessment. They all present with similar craniofacial features comprising a prominent and tall forehead, long midface with underdeveloped cheekbones, facial asymmetry, and prominent and angular jaw with tall chin (Fig. 1) . The patients have horizontal or downslanting palpebral fissures and a thickened nasal tip. The mouth has a sinuous upper vermilion border and prominent (thick) lower vermilion. Somatic and physical findings observed in all the patients included gastrointestinal dysmotility manifesting as swallowing difficulties, feeding problems, gastroesophageal reflux, and failure to thrive (Table 1) .
Four patients had documented macrocephaly (patients 1, 4, 5 and 7), while two others were microcephalic (patients 2, 3); macrocephaly was not correlated to size of the deletion. Congenital heart defects such as bicuspid aortic valve and atrial septal defect were seen in three patients and cardiac rhythm abnormalities in one patient (Table 1) . Six had obstructive sleep apnea and three of those required nighttime CPAP or ventillatory support ( Table 1) . Abnormalities of bone marrow function were observed in two patients: patient 1 had lymphopenia and patient 3 self-resolving thrombocytopenia of prenatal onset, both conditions were of unknown etiology. Cutaneous manifestations observed in the patients with MEK2 deletion were present in a similar frequency to those observed in individuals with CFC syndrome (19) particularly, multiple nevi, hemangiomata and keratosis pilaris were observed in our cohort. Hyperkeratosis pilaris was seen in three patients and three patients had severe eczema, two others had multiple and large capillary hemangiomata over the head and body, one had a large nevus flammeus (Table 1) . Abnormally brittle and hyperconvex nails were seen in three patients, and one patient had congenital cutis aplasia. All patients in out cohort had gastoresophageal reflux, in four percutaneous tube feeding was required (Table 1) .
All patients had a degree of intellectual impairment, however, it was quite variable spanning from minimal delays in gross motor and fine motor milestone acquisition (patient 4) to severe intellectual disability with minimal speech (patient 1).
The following central nervous system abnormalities were noted: dysgensis of corpus callosum in two patients, and cerebellar hypoplasia in one; one patient had hypomyelination, this latter patient also had a movement disorder of unknown etiology.
Functional characterization and studies of fibroblasts with MEK2 deletion
In order to examine the effect of MEK2 deletion in our patients, functional assays were performed using primary fibroblast cell lines derived from patient 1 and a healthy control. Equal levels of total MEK1 protein were observed in both cell lines. However, the level of total MEK2 was significantly reduced in patient 1 compared to the control (Fig. 3a) . When fibroblasts were treated with EGF, a factor known to stimulate the MAPK pathway, MEK1/2 phosphorylation peaked at 5 min in both cell lines and decreased over time Fig. 3 . Regulation of the Ras/mitogen-activated protein kinase (MAPK) pathway is altered when MEK2 is deleted. (a) At subconfluency, fibroblasts were placed in complete [C, 10% fetal bovine serum (FBS)] or serum starvation (S, 0.1% FBS) media for 16 h. Serum starved cells were then treated with epidermal growth factor for 5-120 min. Cells were harvested and protein lysates were subjected to Western blot analysis utilizing antibodies specific for various MAPK pathway components. A representative Western blot is shown. GAPDH was utilized as a loading control. Differences in the levels of P-MEK1/2, P-ERK1/2, total MEK2 and Sprouty1 were observed as described in the Results. (b-d) ImageJ software was used to quantify P-MEK1/2, P-ERK1/2 and Sprouty 1 bands on Western blots from three separate experiments. Error bars represent standard error of the mean relative intensity calculated for three experiments. Asterisks indicate p-values <0.05 for the control compared to patient 1. Statistically significant differences in P-MEK1/2 and Sprouty1 were observed. (Fig. 3a) . However, P-MEK1/2 was˜50% less abundant in the haploinsufficient MEK2 cell line compared to the control (P = 0.0006 and 0.01 for the 5 and 15 min time points, respectively) (Fig. 3a,b) . Differences in the ERK1/2 phosphorylation pattern were also observed. In the control cell line, P-ERK1/2 was most abundant at 5 and 15 min post-EGF stimulation and then gradually decreased over time. In cells derived from patient 1, P-ERK1/2 peaked 15 min post-stimulation and decreased over time. Although the maximum level of ERK1/2 phosphorylation observed in patient 1 and the control did not show a significant difference (P = 0.95), phosphorylation appeared to decreased toward basal levels faster in the fibroblasts of patient 1 (Fig. 3a,c) . The observed differences in the ERK phosphorylation were not due to variances in the amount of ERK protein available for phosphorylation as the levels of total ERK were similar in patient 1 and the control (Fig. 3a) .
To study Ras/MAPK regulation, we also examined the level of Sprouty 1, a member of the Sprouty protein family. Sprouty proteins are known modulators of MAPK pathway signaling in a variety of cell types (20, 21) . Protein levels of Sprouty 1 were significantly increased in patient 1 compared to the control with Pvalues ranging from 0.004 to 0.02 for the 0, 5, 30, and 60 min time points (Fig. 3a,d ). Taken together, these data demonstrate that regulation of the Ras/MAPK pathway is altered in cells carrying a MEK2 deletion.
Discussion
We report seven patients with deletions of 19p13.3 whose smallest region of overlap (chr19:4,089,863-4,102,449; hg19) contains only one known gene, MEK2 (Fig. 2) . These patients present with a recognizable pattern of malformations, craniofacial features, failure to thrive, gastrointestinal dysfunction, cutaneous abnormalities, obstructive sleep apnea, and intellectual disabilities (Fig. 1, Table 1 ). The seven patients reported herein share facial and somatic features with two other patients previously reported in the literature with microdeletions that included MEK2 (16, 17) presenting further evidence of the existence of a recognizable phenotype (Table 1) .
Activating gain-of-function missense mutations in MEK2 are responsible for CFC syndrome. To date there have been no known reports of classical CFC syndrome associated with deletions of MEK2 . Studies performed in mice suggest that MEK1 is required for normal embryo development and that MEK2 is expendable (22, 23) . To determine the functional consequences of MEK2 deletion in our patients, we performed assays using primary fibroblasts isolated from patient 1 and a healthy control. These assays used serum starvation followed by EGF stimulation to uncover differences in Ras/MAPK pathway regulation, a method previously used to detect the pathway changes observed in other RASopathies (24) (25) (26) . In our experiments, we detected significant differences in the protein levels and phosphorylation patterns of multiple Ras/MAPK pathway components, including MEK2, P-MEK1/2, and Sprouty1, demonstrating that MAPK pathway regulation is altered in this patient with a deletion of MEK2 .
In addition to MEK2 , the deletion found in patient 1 contains 62 other genes (Table S1 ). Six of these genes are known to be associated with a disease phenotype, GIPC3 , TBXA2R, PIP5K1C , RAX2 , ATCAY , and SH3GL1 (Table S2 ). Studies performed in mice suggest that the GIPC3 protein, which localizes to spiral ganglion and inner ear sensory hair cells, is essential for postnatal maturation of the hair bundle (27) . Frameshift and missense mutations in GIPC3 cause an autosomal recessive form of non-syndromic sensorineural deafness in humans (27, 28) . The TBXA2R gene encodes the thromboxane A2 receptor, a G-protein coupled receptor involved in hemostasis. Heterozygous missense mutations in TBXA2R result in loss-of-function and are associated with an increased susceptibility to platelet-type bleeding disorder 13 which exhibits an autosomal dominant mode of inheritance (29, 30) . However, Mumford et al. speculate that a second mutation in TBXA2R or another gene involved in hemostasis is required for clinically significant platelet dysfunction (30) . The PIP5K1C gene encodes PIPKI-gamma, a protein that catalyzes the phosphorylation of phosphatidylinositol 4-phosphate thereby producing phosphatidylinositol 4,5-bisphosphate. Loss-of-function missense mutations in PIP5K1C are reported to significantly reduce the kinase activity of the enzyme and cause autosomal recessive lethal congenital contractural syndrome type 3 (31) . RAX2 is a homeobox gene that is expressed in the retina. Heterozygous missense mutations and a 6-bp insertion in this gene are associated with age-related macular degeneration and cone rod dystrophy. Functional studies suggest that these mutations result in either an increase or decrease in the ability of RAX2 to transactivate Ret-1, a cis-acting DNA element located within the Rhodopsin promoter (32) . The ATCAY gene encodes caytaxin, a neuron-restricted protein. Missense and splice site mutations in this gene can cause autosomal recessive Cayman cerebellar ataxia, a disorder in which affected individuals present with clinical features including hypotonia, intention tremor, dysarthria, nystagmus, truncal ataxia, and an ataxic gait (33) . The SH3GL1 gene encodes a protein which contains a Src homology 3 (SH3) domain, a domain found in many proteins involved in signal transduction. In a study of a patient with acute myeloid leukemia, the SH3GL1 protein was found to be fused to mixed lineage leukemia (MLL), a protein that commonly undergoes chromosomal translocation in leukemias (34) . Although all six of these genes are deleted in patient 1, this child currently does not exhibit clinical features diagnostic for the diseases associated with these genes. Therefore, it may be unlikely that haploinsufficiency of these genes significantly contributes to the phenotype observed in patient 1.
In addition to the six genes with known gene-disease relationships, death associated protein kinase-3 (DAPK3 , also called ZIPK ) is another gene of potential interest within this deleted region. DAPK3 is a member of the death-associated protein (DAP) family which also includes DAPK1, DAPK2, DRAK1, and DRAK2 (35) . This protein family is involved in apoptotic and autophagic cell death, metastasis suppression and tumor suppression (36) . In a yeast two-hybrid screen, one of the members of this protein family, DAPK1, was shown to directly interact with ERK, a major component of the Ras/MAPK pathway. When stimulated by EGF, ERK phosphorylates DAPK1 and enhances its kinase and apoptotic activity (35) . DAPK1 directly interacts with and phosphorylates DAPK3. This phosphorylation event increases the death promoting activity of DAPK3 (36) . The involvement of DAPK1 and DAPK3 in the MAPK pathway is particularly interesting because the DAPK3 gene is deleted in patients 1, 2, 3, 5, 6, 7, 8, and 9 (Fig. 2) . It is possible that deletion of DAPK3 may contribute to the phenotype observed in these patients. However, the phenotype observed in patients 1, 2, 3, 5, 6, 7, 8, and 9 is very similar to that of patient 4, whose deletion contains only the MEK2 gene. Together, this evidence may suggest that haploinsufficiency of MEK2 is responsible for the majority of the phenotype observed in the patients reported in this study.
In summary, these seven patients with a microdeletion that includes MEK2 present with a recognizable phenotype that includes a characteristic craniofacial appearance and pattern of malformation and organ dysfunction. These somatic features are suggestive of dysregulation of the Ras/MAPK pathway and functional assays confirmed that Ras/MAPK pathway regulation is altered in one of these patients. Thus haploinsufficiency of MEK2 appears to be a new model of a RASopathy, where a deletion of one of the components of the pathway, MEK2 , results in a RASopathy-like phenotype.
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